tions of transport vesicles forming from the ER (Lodish et al., JCB 704,221-230,1987) and Golgi that may serve as unselective bulk carriers (Orci et al., Cell 46, 171-184, 1988) . Signals for Retention of Permanent Residents in the ER and Golgi The first evidence suggesting that signals specify retention in the ER came from studies of deletion mutants in VP7, a 38 kd rotavirus glycoprotein that normally remains in the ER (Poruchynsky et al., JCB 707,2199 -2209 ,1985 . Deletions in one of the hydrophobic domains resulted in secretion of the truncated membrane protein into the medium, which was interpreted to mean that a retention signal in VP7 normally prevents its transport. However, an alternative interpretation would be that the truncated protein is secreted simply because it is in the aqueous phase and not membrane-bound. PBtibo et al. (Cell 50,311-317, 1987) have found that shortening the cytoplasmic tail of adenovirus E19, a glycoprotein that normally spans the membrane of the ER, resulted in transport of the truncated protein to the plasma membrane; here the truncated protein remains membrane-bound.
Similarly, Machamer and Rose (JCB 705, in press) have deleted regions of coronavirus El glycoprotein, normally a resident of the Golgi; again, certain deletions resulted in loss from the Golgi and appearance at the cell surface. All of these results argue that retention of permanent residents in both the ER and the Golgi is signal-dependent. Recent work suggests that a discrete, transplantable signal peptide can confer retention in the ER. Sorger and Pelham (JMB, in press) have noted that three soluble ER proteins-protein disulfide isomerase and two glucoseregulated proteins, grp78 and grp94-all contain the same C-terminal tetrapeptide sequence, Lys-Asp-Glu-Leu (KDEL). To test the hypothesis that KDEL functions as an ER-retention signal peptide, Munro and Pelham (Cell 48, 899-907,1987) either deleted this sequence from grp78 or extended the protein's normal C terminus with random amino acids. Both mutations resulted in secretion. Moreover, when KDEL was transplanted to the C terminus of lysozyme (a protein that is normally secreted), the lysozyme derivative was retained in the ER. Bulk Flow from the ER to the Cell Surface Wieland et al. (op. cit.) have attempted to measure the rate of bulk flow from the ER to the cell surface. They examined the secretion of simple glycopeptides formed by incubating cells with N-acyl-Asn-[1251]Tyr-Thr-NH2, where acyl was either acetyl or octanoyl. The peptides cross cell membranes, and are glycosylated at their Asn residues in the lumen of the ER. The addition of a high-mannose oligosaccharide chain renders the peptide membraneimpermeable, so that release from the cell should only occur via the secretory pathway. These glycopeptides are unlikely to contain either a retention signal or a potential export signal since the same glycopeptide structure is found in both retained and exported proteins.
The results of this study show that the half-time for secretion of the bulk-phase marker is 10 min and that the glycopeptide passes through the Golgi complex en route, suggesting that the normal secretory pathway is followed. The glycopeptide is thus transported to the cell surface as fast as or faster than membrane and secretory proteins. With such a rapid and efficient bulk flow in operation, it is apparent that no signal should ever be needed for transport to the surface; any protein free to diffuse in the lumen or membrane of the ER would automatically be swept to the cell surface by default. Indeed, this makes it clear that all permanent residents of the ER and Golgi compartments must possess appropriate retention signals. Vesicular Carriers of the Bulk Flow If protein transport from the ER to the Golgi and through the Golgi stack occurs by bulk flow and does not require a signal, then the responsible transport vesicles would have no basis to select for (and thus concentrate) the transported species. Transported secretory proteins would be trapped in the lumen of these bulk carriers at their prevailing concentrations in the lumen of the ER or Golgi cisternae; transported membrane proteins would be present at essentially the same concentration in the mem-brane of the daughter vesicle as in the parental bilayer. Orci et al. (op. cit.) have found that the concentration of a transported protein-the vesicular stomatitus virus G protein-was essentially the same in budding transport vesicles as in the parental Golgi cisternae, and suggested these vesicles were bulk carriers. The viral protein studied is unusual in that it is present at a relatively high concentration in the Golgi, so that similar studies with cellular proteins will obviously be needed.
The proposed bulk carriers are coated on their cytoplasmic faces with a protein other than clathrin (Griffiths et al., JCB 707, 949-964, 1985; Orci et al., op. cit.) , suggesting an interesting contrast between clathrin-coated and nonclathrin-coated vesicles. Clathrin-coated vesicles carry receptor-mediated (i.e., signal-dependent) traffic from the plasma membrane and frans Golgi, and the receptors are usually almost 100 times more concentrated in the vesicle membrane than in the parental membrane. The nonclathrin-coated vesicles found in the Golgi (and perhaps also the ER?) may be the nonselective bulk carriers. The Alternative:
Signal-Mediated Transport, Retention by Default The alternative to bulk flow with selective retention is selective (i.e., signal-dependent) export from the ER (or Golgi) with passive (i.e., signal-independent) retention. Historically, two major kinds of evidence have been cited to support this viewpoint.
First, different proteins transit the secretory pathway of the same cell at different rates (e.g., Lodish et al., Nature 304,80-83, 1983 ). This has been interpreted to mean that the slower proteins move at the bulk-flow rate, whereas the faster proteins are accelerated because of their signaldependent interactions with receptors in the departing transport vesicles. However, given the extremely rapid rate of bulk flow, an alternative interpretation now seems more likely-that the secretory proteins are differentially retarded from the bulk flow. A simple explanation would be that retardation of transported membrane and secretory proteins is due to weak, nonspecific interactions (differing among secretory proteins). Interactions with resident proteins or lipids, which together comprise the vast majority of the membrane surfaces in the ER and Golgi, would lead to transient absorption from the bulk flow. The differences in transport rates are well within a factor of ten, corresponding to an interaction energy of only ml kcallmol. This is roughly the energy of an electrostatic interaction or hydrogen bond in water, or the energy yielded in burying a single aliphatic amino acid side chain in lipid.
The second line of evidence consistent with signaldependent export from the ER comes from genetic experiments that disrupt putative transport signals in transported proteins. Numerous mutations block secretion of a variety of proteins (see Garoff, Ann. Rev. Cell Biol. 7, 403-445, 1985) as if transport signals were being disrupted. However, it is troubling that so many different kinds of mutations can prevent transport. For example, mutations at the N terminus, the C terminus, or even in the hydrophobic anchor all block or delay transport of influenza hemagglutinin (HA) from the ER to the Golgi (Gething et al., Cell 46, 939-950, 1986 ).
Retention of Unfolded and incompletely Assembled
Proteins in the Et?-A Second Retention Mechanism Indeed, the effects of mutations that prevent export from the ER now appear to have a simpler, entirely different explanation. The fully assembled HA protein is a trimer of identical subunits, and only this trimeric form can exit from the ER (Copeland et al., JCB 703, 1179 -1191 , 1986 Gething et al., op. cit.) . Similarly, it has been known for some time that binding of light chains (i.e., subunit assembly) is required for the secretion of heavy chains of immunoglobulins and histocompatibility antigens. Mutant HAS that fail to be transported from the ER are blocked at various stages of the folding pathway (Gething et al., op. cit.) . Evidently, partly or completely denatured proteins are incapable of movement. The unfolded, but not the folded, HA molecules are associated with a cellular protein located in the lumen of the ER, termed BiP (for immunoglobulin heavy chain binding protein). BiP was discovered (Haas and Wabl, Nature 306, 387-389, 1983) because it is bound to the unassembled heavy chains of immunoglobulin, and is only released when two heavy chains and two light chains have combined. This observation led Bole et al. (JCB 702, 1558 (JCB 702, -1568 (JCB 702, , 1986 to suggest that the function of BiP is to retain incompletely assembled immunoglobulins, thereby preventing the secretion of improperly assembled molecules. By extension, and because it is found in nonimmune cells, BiP may function to retain monomers of HA until trimerization, or permanently retain mutant HA subunits that are unable to trimerize.
It is not clear whether unfolded proteins require BiP or molecules like BiR to retain them or whether unfolded proteins are automatically retained without BiP simply because they are insoluble. In the latter view (see Munro and Pelham, Cell 46, 291-300, 1986 ) BiP would facilitate the assembly of subunits by helping them dissolve (and thus would be transiently bound to a population of unfolded subunits). BiP is identical with grp78, a protein induced during inhibition of glycosylation by glucose starvation or drugs. Conceivably, BiP/grp78 interacts with unglycosylated proteins, which are frequently found to misfold.
Whether BiP acts as a receptor for unfolded proteins or as a folding enzyme, it is clear that there are at least two quite distinct mechanisms for retention in the ER. The retention of unfolded proteins is physiologically transient since the retention "signal" is lost as soon as the protein folds. In contrast, the retention of residents in the ER and the Golgi relies on signal sequences present permanently in the folded form of the protein.
Much effort in the last decade has gone into identifying potential transport signals. Perhaps future work will focus on signals for retention against a bulk flow, and on the structural basis for this novel type of sorting.
